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I. INTRODUCTION
NATM has been widely applied in construction of tunnel and other underground excavation all over the world since 1960's. As shotcrete and rock bolts are used generally as the primary support during tunnel excavation, most designs and researches of tunnel supports focus on each of them. However, Steel supports are often used to reinforce the stability at the excavation face with bad conditions such as blocky or deformable ground. Steel supports not only have advantages of deriving the ductile behavior of shotcrete lining under ultimate loadings but also increase the load capacity of a composite arch before hardening of shotcrete lining fully develops.
Recently, it tends to consider the load capacity of steel sets and composite behavior of steel fibre reinforced shotcrete with steel sets in an analysis or design of the tunnel lining. Several experimental and analytical researches are performed to investigate that steel supports are taken the load from ground as compared with shotcrete and how a shotcrete lining with steel supports behaves as a composite. Leung et al. [1] compared properties of wet-mixed fiber reinforced shotcrete and fiber reinforced concrete. They conclude that data on fiber reinforced concrete can be applied for shotcrete as initial guideline. Moon et al. [2] examine that how much the H-section steel rib of steel-shotcrete composite members under axial and flexural loading takes external loads. Park et el. [3] with different configuration of reinforcements such as H-section steel beam, steel bar. They asserted steel bar can be used as steel supports based on their experimental results, instead of H-section steel and lattice girder. Although these researches provide practical knowledge on behaviors of a steel-shotcrete composite, an experimental approach has limitations of estimating behaviors of a shotcrete lining with various mix conditions and types of reinforcements.
Carranza-Torres et al. [4] considered a lining as an equivalent section consisting of shotcrete and steel sets. After estimating internal forces of a lining with equivalent section by the structural analysis, they determined load that steel sets is taken by considering proportion of axial and flexural stiffness of steel sets to shotcrete lining. Rodriguez et el. [5] developed the analytical expression for the characteristic curve of a support based on yielding steel ribs. These approaches are useful for the preliminary design and reasonable in the linear elastic range. However, they are impossible to describe a shotcrete lining, which indicate obviously the nonlinear behavior. They also have the limitation considering the shotcrete lining as a 'real' composite because the stiffness of shotcrete lining with steel sets is determined by the superposition of stiffness of steel reinforcements and shotcrete lining which are calculated independently.
Our study introduces fiber beam-column elements to estimate the nonlinear and composite behavior of a shotcrete lining reinforced by steel fibre and steel ribs. To contain tensile resistance of steel fiber reinforced shotcrete lining, the existing flexural and direct tensile test results are used to analyze a behavior of steel fibre reinforced shotcrete material, which are simplified and applied to develop the constitutive model. Based on these experimental studies, The Kent and Park model is expanded with a new tension constitutive model. The finite element models corresponding to some flexural tests are created, and then its results are compared with each other.
II. RELATED WORKS

A. Fiber Finite Beam-Column Element
A fiber beam-column element developed by Spacone et al. [6] - [8] has been used in many studies to perform the nonlinear analysis of RC structures under cyclic loadings. The element with a fiber section is composed of bundles of fibers, which have 1 dimension nonlinear stress-strain relations. This finite element uses force-based formulations, which help to be the fact that equilibrium between element nodal forces and section forces can be enforced exactly in an Nonlinear Finite Element Analysis of Shotcrete Lining
Reinforced with Steel Fibre and Steel Sets Jeong Soo Kim, Moon Kyum Kim, and Han Kyu Yoo element when the material response is nonlinear. Given section deformation, the section resistances such as bending moment and axial force are calculated by sum of whole fiber's internal forces. The section resistances are compared with the section forces calculated by element nodal forces. Then, the unbalanced forces, the difference between section resistance and forces, update the section residual deformation until equilibrium at the each section is satisfied. When all section points in an element are in equilibrium approximately, the element stiffness is finally determined by integration of section flexibility. The above described procedure of determining element state is indicated in Fig. 1 . The notations in Fig. 1 are explained in Appendix. The structural state determination has the similar procedure of general nonlinear analysis using the Newton-Raphson algorithm. 
B. Constitutive Model for Steel Fibre Reinforced Shotcrete
Most plane concrete models assume that residual tension strength is zero or tensile behavior is not defined. Because a shotcrete lining generally contains steel fibre, the tensile region of a shotcrete cross section has ductility and residual strength. Hence, it is needed to describe algorithmically its tensile resistance. In the results of flexural or direct tensile tests [10] , [11] , shotcrete specimens reinforced with steel fibre show the yield surface for tension takes parabolic shape in the hardening part and exponential shape in the softening part. The reinforced specimens also have residual strengths that are 10~35% and 50~70% of peak tensile strength in the direct tensile and flexural strength test, respectively. The residual strength is not only affected by a test method also steel fibre length, volume fraction, and shape.
In this study, the material behavior of a steel fibre reinforced shotcrete is simplified as shown in Fig. 2 . The tensile stress is proportional to strain below the peak tensile strength. After that, the stress reaches the tensile residual strength that is assumed 30% of the peak tensile strength because it is presumed a fiber behaves as 1D in the fiber finite beam-column element method. where σ t is tensile stress, ε t is tensile strain, σ t ' is tensile peak strain, ε t ' is tensile strain corresponding to the peak strength, σ tr is tensile residual stress, and ε tr is ultimate tensile strain. As increase of the compression strength by reinforcing the steel fibre can be ignored, as in [11] , the compression behavior is modeled using by the Kent and Park model, which is 
where σ c is compressional stress, ε c is compressional strain σ c ' is compressional peak strain, ε c ' is compressional strain corresponding to the peak strength, σ cu is ultimate compressional stress, ε cu is compressional strain corresponding to the ultimate compressional stress.
III. NUMERICAL ANALYSIS
A. Experiments
Park et al. [3] carried out 3 points flexural tests of steel fibre reinforced shotcrete lining. To estimate the behavior and load capacity of shotcrete lining reinforced with steel fibre and steel sets, the specimens with a H-section steel reinforcement were tested. The cross section geometries of specimens in this study are indicated in Fig. 3 . The dimension of H-section is 100×100×8×6mm. Two simply-supported steel fibre reinforced shotcrete beams with different cross sections are modeled. A material behavior of shotcrete is described by using the Kent and Park model adding the above tensile constitutive model. Steel is modeled as the isotropic and elastic-perfect plastic material.
The properties of each material are listed in the Table I and II.   TABLE I: where σ y and ε y are yield strength and the strain corresponding to σ y of steel, respectively. Finite element models with two fiber section elements are created. Element stiffness is determined by using the numerical integration with 4 points Gauss-Lobatto quadrature. The section of a shotcrete beam reinforced with steel fibre and H-section reinforcements are divided into 1×32 and 5×32 fibers, respectively. The numerical analysis is performed by our developed program, based MATLAB code, including transition of neutral axis in the section state determination. This program uses the force-based formulation by Spacone et al. applying to an Euler-Bernoulli beam type, which consider only flexural and axial deformation. Finite element models and its sections used in this study are shown in Fig. 4 . To observe the strain softening behavior of shotcrete lining, the numerical tests are performed by the displacement control method. Although the tension constitutive model is simple, the used numerical approach and constitutive model show that it can be a good tool to estimate approximately steel fibre reinforced shotcrete structure. The shotcrete reinforced with steel fibre appears ductile behavior and is fairly agreed with test results by using the proposed approach. To examine more accurately and practically in the strain softening region, the refined algorithmic description is needed. 
C. Numerical Results
IV. CONCLUSION
A new approach using a fiber finite beam-column element is introduced to estimate the nonlinear behavior of shotcrete lining. It also contains the simple algorithmic description of the behavior of shotcrete materials reinforced with steel fibre. The proposed approach is demonstrated to examine roughly the shotcrete lining by comparing with experimental data. It can predict precisely softening and ultimate behavior of shotcrete reinforced with steel fiber by using the refined constitutive model.
APPENDIX
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